Abstract-This paper studied pricing, service level, and production quantity decision problems in a supply chain with one manufacturer and one retailer under demand and production cost disruptions. The joint impact of demand and production cost disruptions on optimal pricing, service level, and production decisions in centralized and decentralized supply chain was analyzed, respectively. By solving the optimization problem, the optimal decisions of the supply chain were obtained under different demand and production cost disruptions scenarios. It is found that the original production quantity and demand-stimulating service level exhibit some robustness under disruptions in both centralized and decentralized supply chains, while the original optimal pricing does not. In centralized supply chains, it is always beneficial for the central decision-maker to knowing of the accurate information of disruptions. However, sharing disruption information is not always beneficial for both the manufacturer and retailer in decentralized supply chain.
I. INTRODUCTION
The traditional supply chains are always designed to run smoothly under the assumption that environment does not change. However, as the information technology develops and economic globalization accelerates, enterprises are facing increasingly fierce market competition, as well as complex and volatile market environment. In the meantime, the operation of enterprise and supply chain gets more sensitive to changes in the external environment and internal operational efficiency. Sudden natural disasters and abnormal events, such as 5.12 big earthquakes in China, the SARS incident in 2003, are easy to have an impact on the operation and performance of the supply chain system, leading huge fluctuations in the market demand, delayed delivery and even direct damage to goods and services. Thereby the initial production plan is not feasible or in a sub-optimal state, affecting the performance of the supply chain system seriously. Kleindorfer et al. (2003) found that usually disruption due to sudden industrial accidents would cause huge economic losses and environment damage, Hendricks et al. (2005) showed that the supply chain disruption would significant affect the company's stock price and shareholder's equity risk through empirical studies. Disruption management in supply chain has gained much attention in the communities of academics and practitioners , Cheng and Zhuang, 2011), and finding an effective strategy that can let the supply chain to respond to emergency events effectively is particularly important ).
This paper is closely related to disruption management in supply chains. Clausen This paper is also related to demand-stimulating service in supply chain management. From the perspective of consumer behavior, it is well known that not only price but also service level can influence consumers' preferences and purchasing decisions, and therefore can affect the market demand. Tsay and Agrawal (2004) characterized the equilibrium behavior of oligopolies with two retailers competing in price and service level in a certain demand environment and showed that the wholesale price mechanisms could be used to coordinate the supply chain. Bernstein and Federgruen (2004) developed a game model to study the price and service competition in different scenarios under demand uncertainty. Some other literatures focus on the impact of improved service on dual-channel supply chain. Yao and Liu (2005) pointed out that the retail channel can compete with direct channel by adding some value-added services, and the competition between the two channels can improve the retailer's service level effectively. Hu and Li (2011) , and Yan and Pei (2009) studied the impact of different retail service strategies in dual-channels competitive market, and found that raising the level of retail service can alleviate the channel competition and conflict effectively, benefiting for enhancing the overall performances of supply chain in a competitive market. The literatures above main research the impact of service on performance of supply chain in a competitive market. This paper is closely related to what the above literatures studied: supply chain disruption management when demand and production cost are disrupted simultaneous. However, major body of the above literatures focus on the impact of disruption on pricing and production decisions, and few literatures studied the service level decision problems in the case of disruptions. Since the market competition became increasingly fierce, more and more enterprises begin to attract consumers by providing high quality service, and disruptions always exist in enterprises from external environment to internal operating conditions, so it is important to consider the problem of service level decision in research of supply chain disruption management. Although had concerned the service level decision problems under disruptions, but they just considered demand disruption, and did not consider the impact of production cost disruptions on optimal decisions. Generally speaking, production cost disruptions may be very common and may occur for many reasons. In this paper, we will consider the pricing, service level and production quantity decisions in a traditional supply chain consisting of single manufacturer and single retailer with service-dependent demand when demand and production cost experiences disruption simultaneous. The joint impact of demand and production cost disruptions on optimal decisions in centralized and decentralized supply chain was analyzed, respectively. Our particular interest is the robustness of original optimal pricing, service level and production quantity under disruptions.
The rest of this paper is organized as follows. The model framework and the benchmark case analysis are presented in Section 2. Section 3 investigates the pricing and demand-stimulating service decisions with disruptions in centralized supply chains. Section 4 analyzes the pricing and demand-stimulating service decisions with disruptions in decentralized supply chains. Finally, in Section 5, we summarize the results and point out direction for future research.
II. MODEL FRAMEWORK AND BASELINE CASES

A. Model Framework
We consider a supply chain consisting of one manufacturer and one retailer. The manufacturer produces goods with a unit cost c and sells the products to the retailers at wholesale price w, and promises a service level s that will be provided during the purchasing process. After purchasing the products from the manufacturer, the retailer will determine the retail price p. So the manufacturer and the retailer paly a Stackelberg game where the manufacturer assumes the role of Stackelberg leader and the retailer plays the role of follower. The model will be analyzed with two time periods: supply chain planning and supply chain operations executing. An initial plan will be discussed at the planning period, and above all, the plan will be revised in the executing period when a disruption occurs. In many cases, a production plan need to be made based on certain estimation of the production cost and demand. Such a plan is also a part of certain scheme that coordinates the supply chain. However, when the decision-maker decides to execute the production plan, the production cost and market demand may be different from her or his previously estimated value due to disruptions. For example, when labor or fuel cost increases, another alternative product appears. Therefore, the original plan has to be changed in order to be better adapted in the disrupted environment. As we all know, deviation costs will accompany with the disruptions, which should be taken into account in making the new plan. Our concern is how to revise the original production plan to maximize the supply chain profit accompanied with such deviation costs.
We assume that the market demand function are dependent on selling price and demand-stimulating service level simultaneously, and decreases with selling price p and increases with demand-stimulating service level s ):
where a is the base market demand, s is the demand-stimulating service level to achieve,  is the marginal effect of service on demand, p is the selling price and b is the marginal effect of price on demand.
There must be service cost if the manufacturer wants to achieve the demand-stimulating service level s, assumed ks 2 /2 according to the research of Tsay and Agrawal (2004), Yan and Pei (2009) , and the k is the marginal cost to achieve service level s.
The products flow from the maker to retailer at wholesale price w, then to customers at selling price p. The unit production cost is c based on certain estimation, so in the first period, the profit for the manufacturer, the retailer and supply chain are given by
where the subscripts m and r stand for the retailer and the manufacturer, respectively, and the subscript sc stands for the supply chain. To make the value of service level not negative and to get meaningful optimal values, we assume that 0
and a bc  . In the second period, we assume a+a stands for new base market demand and c+c for actual unit production cost, where the a and c capture the demand disruption and production cost disruption. Obviously, it only makes sense when c+c>0 and a+a>0. As both manufacture and retailer seek to maximize the profit when a disruption is detected, the question now is how to adjust the pricing, service level and production quantity decisions to respond to the disruptions.
B. Baseline Case: Decisions without Disruptions
In this part, we analyze the initial optimal decisions of manufacturer and retailer under no disruption, as a benchmark to study the impact of disruption on the optimal decisions.
We first investigate the scenario in centralized supply chains when no disruption occurs. The equation (4) shows total profit of supply chain is a joint concave function in p and s, so we can get the optimal selling price, service level and production quantity, as well as the total profit of supply chain, just as follows: 
III. CENTRALIZED DECISIONS WITH DEMAND AND COST DISRUPTED SIMULTANEOUSLY
A. Pricing and Demand-Stimulating Service Decisions with Disruptions
In the second period, when the demand resolved is not equal to the original production plan, demand disruption will occur, so is the production cost when the actual cost differs from the estimated cost. The emergence of disruptions always brings some deviation costs to the supply chain. 
where the first item notes total sales revenue of the supply chain, the second notes the service cost, the third notes possible shortage cost, and the fourth notes possible disposal cost. The two costs cannot exist in the same time, so there are two cases.
Case 1:
* cc DQ  . Which indicates the real demand exceeds the initial optimal production quantity, so the shortage cost will be induced by the disruptions. The question (5) can be simplified as
. * cc DQ  . Which indicates the real demand is less than the initial optimal production quantity. As a result, the disposal cost will be induced by the disruptions. The question (5) can be simplified as
. 
It is easy to verify that the objective function of (6) and (7) are joint concave in c p and c s , and the condition is linear constraint, so the problems above have unique optimal solution.
To simplify the description, we define two straights:
, and draw them in a two-dimensional plane where a is longitudinal axis, and c is horizontal axis, then we will have R 1 , R 2 , R 3 three areas divided by the two straight lines. As follows:
In a centralized supply chain with disruption a and c, the supply chain's optimal selling price and service level are given by 
, 
And the supply chain's optimal production quantity and maximum profit are given by 
The proof of Proposition 1 is similar to the proof of Qi et al. (2004) . By comparing the results of Proposition 1 with the baseline case, we find that not only the original production quantity has some robustness with disruptions, but also the original demand-stimulating service level has some robustness with disruptions. When the disruptions are mildly, the optimal production quantity and demand-stimulating service level should be kept unchanged. We just need to adjust the original selling price to ensure the optimization of the supply chain profits, and the amount of the adjustment has nothing with c but only the amount of changes in market demand. And when the disruptions exceed some thresholds, the production quantity and demand-stimulating service level should be changed. Specifically, when
, the original production quantity and service level are still optimal, and the decision-maker only need to add an adjustment term / ab  to the original selling price, which also shows the independence between adjustment amount and amount of changes in production cost; When c aR   ( , the centralized decision-maker has to take an overall adjust to the original production plan, not only the selling price but also production quantity and service level. And now, the adjustment amount in selling price have something with amount of changes in both market demand and production cost. The Figure 1 depicts the adjust strategies of original optimal production quantity and service level when the demand disturbance a and production cost disturbance c value in different regions. As can be seen from the Figure 1 , the supply chain decision-maker should increase production quantity and improve the service level in the area R 1 , and in the area R 3 , the decision-maker should decrease the production quantity and reduce the service level at the same time in order to save the cost of service. In the area R 2 , the decision-maker should maintain the optimal production quantity and service level unchanged, which would also save the adjustment costs. So R 2 is the robustness area of production quantity and service level in the case of centralized supply chain, but the original selling price is not robust in this area.
B. The Value of Knowing of the Disruptions
Now, we would like to examine the value of knowing of the disruptions in the centralized supply chain accurately. If the disruptions occur but the central decision-maker does not realize that, he can only use the original optimal production plan, which may be in a sub-optimal state now. To illustrate the value of knowing of the disruptions, we compare the policy proposed in Proposition 1 with the baseline case. We define Table 1 lists the profit differentials when the demand disturbance a and production cost disturbance c value in different regions. 
From the results, we can know that using the optimal decisions defined in Proposition 1 is always beneficial to the supply chain system, when disruptions occur in a centralized supply chain. So, the supply chain decision-maker should obtain the accurate disturbance information all the time and take the adjusted policy defined in proposition 1, provided that there is no cost of access to the information.
IV. DECENTRALIZED DECISIONS WITH DEMAND AND COST DISRUPTED SIMULTANEOUSLY
A. Pricing and Demand-Stimulating Service Decisions with Disruptions
In this part, we will analyze the scenario when the manufacturer and the retailer both are independent decision-makers who choose decisions to maximize their personal profit under the disruptions. To simplify the analysis, we further assume that the disruption information is common knowledge and all the deviation costs were borne by the manufacturer (Cheng and Zhuang, 2011). The actual market demand and unit production cost in the case of decentralized supply chain are as follow:
where, the subscript d indicates decentralized supply chain. With a demand disruption a and production cost disruption c in the second period, the retailer's profit is given by
Given the manufacturer determines the wholesale price and demand-stimulating service level, the retailer's optimal responsive pricing strategy is given by
Substituting (9) into the market demand function, we get (
, so the manufacturer's optimization problem can be formulated as
where the first item notes total sales revenue of the manufacturer, the second notes the service cost, the third notes possible shortage cost, and the fourth notes possible disposal cost. For the same reason, the two costs cannot exist in the same time, so there are two cases. Case 1:
* dd DQ  . Which indicates the real demand exceeds the initial optimal production quantity, so there will be only shortage cost. The question (10) can be simplified as
It is easy to verify that the objective function of (11) and (12) both are joint concave in d w and d s , and the condition is linear constraint, so the above problems have unique optimal solution. By solving the above problem, we can obtain the following proposition.
Proposition 2. In a decentralized supply chain with disruption a and c, the manufacturer's optimal wholesale price and service level are given by 
Correspondingly, the retailer's optimal selling price and ordering quantity are given by 
And the maximum profit of manufacturer and retailer are given by 
From the Proposition 2 we know that the original production quantity and demand-stimulating service level still have some robustness with disruptions in decentralized supply chains. When 2 , ) c aR   ( , the disruptions of demand and production cost are mildly, the manufacturer and retailer can obtain their optimal profit only need to adjust their prices. The manufacturer adjust the wholesale price and retailer adjust the selling price, both the adjustment amounts are / ab  , then we can sure the market demand equal to our production quantity. The adjustment amount also shows the independence with the amount of changes in production cost. Only when the disruption exceeds some given thresholds will the manufacturer change the production quantity and service level. To be specific, when
, an overall adjustment have to be taken, besides the selling price, production quantity and service level also need to be adjusted, in order to get the maximum profit.
Furthermore, we describe the adjustment strategies of optimal production quantity and service level in the scenario of decentralized supply chain, just like the Figure 1 shows. In the area R 2 , the manufacturer should take no change to the original production quantity and service level, so R 2 is also the robustness area of production quantity and service level even in the case of decentralized supply chain. However, in the area R 1 and R 3 , the manufacturer has to take some adjustment to original production quantity and service level to ensure optimal profit. The manufacturer should increase the production quantity and improve the service level in the area R 1 , and decrease the production quantity and reduce the service level in the area R 3 .
B. The Value of Knowing of the Disruptions
In decentralized system, the value of knowing of disruptions has two aspects, obtaining the information accurately and sharing the information with partners. In this paper, we assume that retailer learns the market demand disruption accurately and manufacturer own the production cost disruption accurately. Supply chain theory pursuits long-term cooperation of members, so the member has two choices after obtaining the disruption information: First, share information with each other and adjust the decisions together according to the disruption information. Second, neglect the disruption and still take original decision because underestimate the value of the information. When both manufacturer and retailer choose to neglect the disruption they learned respectively, and still use the original optimal decisions defined in proposition 2, the profits of manufacturer and retailer can be formulated as follow respectively. 
where the subscript d stands for decentralized supply chain, and subscripts r and m stand for retailer and manufacturer, respectively. Now, we also show the value of knowing disruptions through the profit differentials.
The following Table 2 and 3 list the profit differentials of manufacturer and retailer respectively, when the demand disturbance a and production cost disturbance c value in different regions.
As we can see from the results in the Table 2 and 3, it's always better to share the disruption information with each other for both the manufacturer and retailer when a < 0. That is, when actual market demand is less than the initial estimated value, the members will prefer to share the learned information with each other, and adjust the original production plan in accordance with it in order to achieve a win-win situation. However, when a> 0, whether the members will reveal the disruption information to the other depends on the values of c and
and a  is large enough, ignoring the disruption will be a better choice, because adjustment to the original decisions will bring no more profit to the supply chain, while there are some adjustment cost. If Obviously, when actual demand exceeds the estimated value, sharing the disruption information and adjusting decisions may favor the interest of manufacturer, but not conducive to retailer. So we suggest, in this situation, the manufacturer should provide some compensation contracts or incentive schemes to encourage retailer to attach importance to demand disruption, making adjustment decisions favor the both.
V. CONCLUSIONS
In the future competitive market, it will be an important tool for the enterprises to capture market by providing quality service, so the research that focuses on service level decision problem in supply chain disruption management has significant theoretical and practical value. This paper studied pricing, service level and production quantity decision problems in a supply chain with one manufacturer and one retailer under demand and production cost disruptions. We assume that the market demand depend on the service level and consider the problem in centralized and decentralized supply chain, respectively. The results show that both the original production quantity and demand-stimulating service level have some robustness under disruptions, no matter in centralized or decentralized supply chain settings, while the original selling price show no robust under disruptions. We also develop a Figure to depict the adjustment strategies of original optimal production quantity and service level vividly when the demand disturbance a and production cost disturbance c value in different regions. Besides, the values of knowing of disruptions were analyzed. In a centralized supply chain, the decision-maker obtaining accurately disruption information and adjusting the original production plan will favor the both. However, it's not obviously in decentralized supply chain, so a win-win situation need further coordination contract to support. We believe that there are still many interesting problems to study in this field, for example, the scenarios of dual-channels and competitive multiple retailers can be further researched. 
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